Ureidoglycolate is an intermediate in the degradation of the ureides, allantoin and allantoate, found in many organisms. In some leguminous plant species these compounds are used to transport recently fixed nitrogen in the root nodules to the aerial parts of the plant. In the present study, it was demonstrated that purified ureidoglycolases from chickpea (Cicer arietinum) and French bean (Phaseolus vulgaris) do not produce glyoxylate, and can use phenylhydrazine as a substrate with K m values of 4.0 mM and 8.5 mM, respectively. Furthermore, these enzymes catalyse the transfer of the ureidoglycolyl group to phenylhydrazine to produce ureidoglycolyl phenylhydrazide, which degrades non-enzymatically to glyoxylate phenylhydrazone and urea. This supports their former classification as ureidoglycolate urea-lyases. The enzymatic reaction catalysed by the characterized ureidoglycolases uncovered here can be viewed as a novel type of phenylhydrazine ureidoglycolyl transferase. The implications of these findings for ureide metabolism in legume nitrogen metabolism are discussed.
Introduction
The ureides allantoin and allantoate have a crucial function as the nitrogenous compounds used for the transport of fixed nitrogen in a group of legumes which includes soybean, French bean, and cowpea. These compounds represent 90% of the nitrogen present in the xylem sap when these legumes are fixing (Schubert and Boland, 1990) . Under these conditions, the fixed ammonium is incorporated into glutamine which is used in the de novo purine biosynthesis in the root nodules. Purines are thereafter metabolized to produce ureides, which are distributed through the xylem. In the aerial parts of the plant the nitrogen contained in allantoin and allantoate will be used for growth and biosynthetic pathways. In addition, the accumulation of ureides has been described during seedling development (Quiles et al., 2009 ) and during senescence (Brychkova et al., 2008) . In the latter, ureides have been associated with the cellular protection from reactive oxygen species.
It has been postulated that degradation of ureides in plants follows the same pathway proposed for bacteria, fungi, and animals. The first step in this pathway is the degradation of allantoin to allantoate by the enzyme allantoinase (EC 3.5.2.5). Allantoate can be degraded by two different enzymes: allantoate amidinohydrolase (EC 3.5.3.4) which produces urea, and allantoate amidohydrolase (EC 3.5.3.9 ) which produces ammonium and CO 2 . In the latter reaction, ureidoglycine is believed to be produced as an intermediate which is degraded very quickly either non-enzymatically or enzymatically by means of a ureidoglycine amidohydrolase. Irrespective of which enzyme acts on allantoate, ureidoglycolate is always one of the products of this degradation. Ureidoglycolate, in turn, can be degraded to glyoxylate producing urea by the enzyme ureidoglycolate urea-lyase (EC 4.3.2.3), or yields ammonium and CO 2 plus glyoxylate by ureidoglycolate amidohydrolase (EC 3.5.3.19) . These activities differ in the nature of the nitrogen compound produced, thus, allantoate and ureidoglycolate amidohydrolases yield ammonium, whereas allantoate amidinohydrolase and ureidoglycolate urea-lyase release urea.
In plants, it has been shown that the first step catalysed by allantoinase is the same (Webb and Lindell, 1993; Yang and Han, 2004; Raso et al., 2007b) . However, despite the crucial role of allantoate degradation for some nitrogenfixing legumes, this pathway has been under debate because the physiological studies were controversial and the enzymatic activities were not always determined in cell-free extracts. Recently, reported results suggest that plants degrade allantoate to ureidoglycolate via allantoate amidohydrolase and ureidoglycine amidohydrolase Polacco, 2004, 2006; Raso et al., 2007a; Werner et al., 2008 Werner et al., , 2010 Serventi et al., 2010) . Regarding the degradation of ureidoglycolate, the existence of the two pathways has been proposed, since ureidoglycolate amidohydrolase has been reported in French bean (Wells and Lees, 1991) and in Arabidopsis (Werner et al., 2010) , whereas ureidoglycolate urea lyase has been reported in chickpea (Muñoz et al., 2001) , soybean (Todd and Polacco, 2004) , and French bean (Muñoz et al., 2006) .
The allantoate amidohydrolase from French bean (Raso et al., 2007a) and the ureidoglycolases from chickpea and French bean (Wells and Lees, 1991; Muñoz et al., 2001 Muñoz et al., , 2006 have been demostrated to display a surprising requirement for the presence of phenylhydrazine in the reaction mixture to be able to detect their activity. Phenylhydrazine is commonly used to measure glyoxylate because of their spontaneous reaction to produce glyoxylate phenylhydrazone, a compound easily measurable due to its UV/Vis spectral maximum at 324 nm (Pineda et al., 1994) . Furthermore, this last compound may be oxidized under acidic conditions to produce 1,5-diphenyl formazan, a strong chromophore with an absorbance maximum at 535 nm (Vogels and Van der Drift, 1970) . In the case of the ureidoglycolases, the dependence on phenylhydrazine could be due to the production of glyoxylate by these enzymes with phenylhydrazine preventing glyoxylate from being metabolized by other enzymes present in preparations that are not completely purified. However, in the case of the allantoate degrading enzyme, phenylhydrazine does not react with the putative products. A detailed study on the phenylhydrazine dependence revealed that phenylhydrazine behaved as an activator at concentrations up to 0.4 mM and as an inhibitor at higher concentrations (Raso et al., 2007a) . This dependence is specific for the legume enzymes, pointing to a peculiar and possibly important biochemical property of the allantoate-degrading enzymatic pathway in plants.
In the present study, the dependence of the legume ureidoglycolate urea-lyases on phenylhydrazine is studied, demonstrating that this compound is, in fact, used as a substrate of the reaction. A detailed analysis by HPLC of the products formed in the catalysed reaction revealed that these enzymes produce a compound different from glyoxylate. The product was determined by mass spectrometric analysis to be ureidoglycolyl phenylhydrazide. The results indicate that the enzyme catalyses the transfer of the ureidoglycolyl group to phenylhydrazine. The consequences on ureide metabolism of these findings are discussed in light of previous assumptions made on the function of this class of enzymes.
Materials and methods

Enzyme purification
The ureidoglycolases from chickpea and French bean were purified to electrophoretic homogeneity as previously described by Muñoz et al. (2001 Muñoz et al. ( , 2006 . The specific activities for the purified proteins were 8570 mU mg À1 protein for chickpea and 4440 mU mg
À1
protein for French bean.
Enzymatic assays for the ureidoglycolases studied Enzymatic activity was determined by either a colorimetric or a continuous assay. Due to the high instability of ureidoglycolate (Pineda et al., 1994) , parallel controls to account for nonenzymatic hydrolysis were always carried out along with the assays. The colorimetric assays were carried out essentially as described by Vogels and Van der Drift (1970) to determine glyoxylate, with the addition of phenylhydrazine in the reaction mixture as described in Muñoz et al. (2001) . Unless otherwise stated, the reaction mixture was always the following: 50 mM TES-NaOH (pH 7.8), 0.5 mM MnSO 4 , 10.4 mM phenylhydrazineHCl, 2.5 mM sodium ureidoglycolate, and an adequate amount of enzyme. In the case of the French bean enzyme, 10 mM asparagine was included in the reaction mixture as described by Muñoz et al. (2006) . The reaction was started by the addition of substrate and the incubation was carried out at 30°C. Convenient aliquots of the reaction were drawn at different incubation times and transferred to tubes kept on ice. These tubes contained enough cold water to reach a final volume of 1.2 mL, and phenylhydrazine to obtain a final concentration of 3.5 mM phenylhydrazine. After 5 min on ice, 1 ml of 12 M HCl and 0.2 ml of 46.6 mM (1.6% w/v) potassium ferricyanide were added to each tube. After 15 min incubation at room temperature, the absorbance was measured at 535 nm. Controls were always included to determine the nonenzymatic formation of glyoxylate. Similar reaction mixtures were used in the assay with different phenylhydrazine concentrations. However, when the concentration of this compound was very high the buffer TES-NaOH was increased to a concentration of 1 M in order to avoid pH variations due to phenylhydrazine, since its commercial form is a hydrochloride.
Ureidoglycolase activity by the continuous enzymatic assay was carried out in mixtures containing, in a final volume of 1 ml, 100 mM TES-NaOH (pH 7.8), 2mM ureidoglycolate, 0.25 mM NADH, 0.5 mM manganese, 18 U lactate dehydrogenase or 10 U glyoxylate reductase, and the enzyme extract. The reaction was started by the addition of either enzyme extract or ureidoglycolate, and the absorbance decrease at 340 nm and 30°C was continuously recorded. The rate of the reaction was linear after a lag phase of 1-2 min.
One milliunit (mU) of enzyme activity in this study is defined as the amount of enzyme that yields one nanomole of product per minute by the colorimetric assay of Vogels and Van der Drift (1970) in the presence of 2.5 mM of ureidoglycolate and 10.4 mM of phenylhydrazine.
Glyoxylate measurement by HPLC Glyoxylate was measured according to an established HPLC method (Lange and Malyusz, 1994) , modified as follows. Separation was achieved using a reversed-phase column (Spherisorb ODS-2; 10 lm, 150 mm length34.6 mm I.D.) in a Beckmann Gold HPLC System (Fullerton, CA, USA). Chromatography was carried out at a constant flow of 1 ml min À1 at 25°C. A solution of 15 mM H 2 NaPO 4 (pH 6) and ethanol (95:5 v/v) was used as mobile phase in isocratic regime. This solution was filtered through 0.2 lm filter (Millipore, Bedford, MA, USA) and degassed. It was not necessary to derivatize the samples with phenylhydrazine, since this was present in the reaction mixture. Samples were deproteinized by ultrafiltration through Centricon-10 filters (Millipore, Bedford, MA, USA) and were injected onto sample loops of 20 ll or 200 ll, depending on the required sensitivity for the measurement. The absorbance at 324 nm and 280 nm was recorded to measure the peak of glyoxylate phenylhydrazone (retention time of 4.2 min). The glyoxylate concentration was measured by comparison of the peak areas obtained at 324 nm with the corresponding standard curves obtained under identical experimental conditions. The following relationship was found: Area (arbitrary units)¼0.25583[glyoxylate] (lM)-0.2808. The determination coefficient (r 2 ) was 0.9983. Liquid chromatography in alkaline conditions was carried out in 15 mM H 2 NaPO 4 (pH 8) as the mobile phase in an isocratic regime at a constant flow of 1 ml min À1 at 25°C.
Ureidoglycolate measurement by HPLC Ureidoglycolate was measured using an ion exchange column (Aminex HPX-87H; 300 mm37.8 mm I.D.) in a Beckmann Gold HPLC System (Fullerton, CA, USA). Chromatography was carried out at a constant flow of 0.5 ml min À1 at 25°C. A solution of 5 mM H 2 SO 4 was used as the mobile phase in an isocratic regime. This solution was filtered through a 0.2 lm filter (Millipore, Bedford, MA, USA) and degassed. Samples had previously been deproteinized by ultrafiltration through Centricon-10 filters (Millipore, Bedford, MA, USA) and were injected onto sample loops of 20 ll. The absorbance at 250 nm was recorded to measure the peak of ureidoglycolate (retention time of 15.3 min). The ureidoglycolate concentration was measured by comparison of the peak areas obtained at 250 nm with the corresponding standard curves obtained under identical experimental conditions. The following relationship was found: Area (arbitrary units)¼3.29593[ureidoglycolate] (mM)-0.5296. The determination coefficient (r 2 ) was 0.9952.
Urea determination
Urea was determined in an indirect way as ammonium after the incubation of the samples with urease. Briefly, 10 U of urease from Canavalia ensiformis were added to 200 ll of sample and this was incubated at 30°C for 5 min. Using urea as standard, it had been tested previously that 100% of urea was transformed into ammonium and its concentration had been measured (Romanov et al., 1999) .
Preparative HPLC Five millilitres of the ultrafiltered reaction mixtures, with or without enzyme, were loaded onto a preparative reversed phase column Spherisorb (C 18 5 lm; 150 mm322 mm I.D.) in a Beckmann Gold HPLC System (Fullerton, CA, USA). Chromatography was carried out at a constant flow of 5 ml min À1 at 25°C . The mobile phase was 15 mM ammonium acetate (pH 9). The chromatograph effluent was monitored at 280 nm and the peak corresponding to compound I was collected from the enzymatic reaction. The elution fraction having the same retention time as compound I was collected from the control (no enzyme) reaction.
Ion trap-tandem mass spectrometry One-hundred microlitres from a compound I-containing HPLC fraction (stored at -80°C) was diluted with acetonitrile to obtain a 50% acetonitrile solution, and immediately loaded into a Hamilton syringe for direct infusion. The solution was infused at a rate of 4 ll min À1 into an electrospray (ESI) source of an Esquire6000 Ò ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany). The mixture was also infused at a higher flow rate of 40 ll min
À1
with the aim of reducing the analytes' residence time in the spray needle, and avoiding any possible metal-catalysed reactions (see below). The ion source temperature was 160°C; nitrogen gas was used as the drying gas at a flow rate of 6.0 l min À1 and as the nebulizer gas at a pressure of 12.0 psi. Capillary voltage was 3500 V, with a current of 18.3 nA. Trap parameters were: maximum accumulation time of 40 ms, scan from m/z 50 to m/z 300, and six spectra were averaged for data collection. Helium was used as collision gas. Fragmentation was at 0.8-1.2 eV, with a window of 2 m/z. Positive and negative ionizations were checked for the best signal, which was found to be in negative ionization. Data were acquired and analysed using the EsquireControl Ò and the DataAnalysis Ò softwares, respectively, from Bruker Daltonics. Compound I was degraded by addition of 10 ll of 1 M ammonium acetate (pH 2) to 100 ll HPLC-fraction containing compound I. After 5 min the mixture was infused into the ion trap mass spectrometer under the same conditions as indicated above.
Results
Phenylhydrazine is a substrate for the legume ureidoglycolase
The enzymatic activity of ureidoglycolases from chickpea and French bean cannot be determined in crude or purified preparations by a continuous spectrophotometric assay (Pineda et al., 1994) . With this method, any generated glyoxylate is determined directly without the involvement of phenylhydrazine, via the continuous spectrophotometric measurement of the reduction of glyoxylate to glycolate (catalysed by added glyoxylate reductase or lactate dehydrogenase) with the stoichiometric and continuous oxidation of NADH. On the other hand, the presence of phenylhydrazine in the reaction mixture has been shown to be essential in order to measure the ureidoglycolatedegrading activities in plant extracts (Wells and Lees, 1991; Muñoz et al., 2001 Muñoz et al., , 2006 . In the present study this requirement has been determined in a more detailed way. First, the relationship between enzymatic activity versus phenylhydrazine concentration was assessed using a fixed amount of French bean enzyme and ureidoglycolate (Fig. 1A) . As the phenylhydrazine concentration was increased, the activity increased as well until a saturation effect was found around 30 mM. A similar curve was measured for the chickpea ureidoglycolase (Fig. 1B) . The stimulating action of phenylhydrazine was not permanent, since an enzyme preparation previously incubated with phenylhydrazine lost activity completely after dialysis to remove the compound. This indicates that phenylhydrazine must be present in the reaction mixture to show its effect. According to the Lineweaver-Burk plot, the measured K m for phenylhydrazine is 4.0 mM in the case of the chickpea enzyme, and 8.5 mM for the French bean enzyme (Fig. 1) . Consistent with these observations, phenylhydrazine is either an enzymatic activator or a substrate for these legume ureidoglycolases.
In order to test whether phenylhydrazine was essential for the enzymatic reaction to occur, the consumption of ureidoglycolate was determined by ion exchange HPLC in the enzymatic reaction in the absence and in the presence of phenylhydrazine. The amount of ureidoglycolate did not change in the enzymatic reaction without phenylhydrazine with respect to the control reaction without enzyme (Table 1) . However, when this compound was added to the reaction mixture, ureidoglycolate was consumed in a stoichiometric manner with the production of the enzymatic product. This indicates that phenylhydrazine is essential for the enzymatic reaction to occur, acting as a substrate.
The ureidoglycolases from chickpea and French bean produce a compound different from glyoxylate
The possibility that phenylhydrazine can be used as a substrate for these plant ureidoglycolases suggested that the enzymes are catalysing a reaction which is distinct from the microbial, fungal, and animal ureidoglycolases, and possibly glyoxylate is not the immediate product. To test this, glyoxylate was measured by HPLC and with an established colorimetric method, as indicated in the Materials and methods. In the control reaction without enzyme, an increase of 50 lM glyoxylate was determined by means of the spectrophotometric method (Vogels and Van der Drift, 1970) , corresponding to the non-enzymatic degradation of ureidoglycolate. In the reaction with enzyme, an increase of 202 lM glyoxylate was determined, indicating an enzymatic production of 152 lM. When the products of these reactions were analysed by HPLC (Fig. 2) , the calculated glyoxylate concentration (calculated from the peak at 4.2 min in the UV chromatogram as detected at 324 nm) in the control reaction (49 lM) matched that obtained with the spectrophotometric method. However, in the case of the enzymatic reaction only the formation of 64 lM glyoxylate was measured. Hence, the enzymatically produced glyoxylate measured by HPLC would constitute only 10% (15 lM versus 152 lM) of that measured by the spectrophotometric method. Two peaks in the HPLC chromatogram were measured in the enzymatic reaction (Fig. 2D ) that were not detected in the control without enzyme (Fig. 2B ): a first peak eluting at 2 min with absorbance at 280 nm (compound I), a second peak at 3.3 min with absorbance at 324 nm (compound II), and a plateau at 324 nm in between these two peaks. These two peaks could be the putative direct product of the enzymatic reaction and/or some of its intermediates. The peaks were . Activity was measured in reactions consisting of 1 M TES-NaOH (pH 7.8), 0.5 mM MnSO 4 , 2.5 mM sodium ureidoglycolate, different concentrations of phenylhydrazine, and the same amount of enzyme. The product was measured according to the spectrophotometric assay described by Vogels and Van der Drift (1970) . In the insert the data were calculated from double reciprocal plots according to the Lineweaver-Burk representation for velocity and substrate concentration. Table 1 . Stoichiometric consumption of ureidoglycolate with the yielded product in the presence of phenylhydrazine Alliquot parts from enzymatic reactions (11 mU ml À1 of reaction) with and without phenylhydrazine were taken at the beginning of the reaction and after 60 min. Extracts were ultrafiltered through Centricon-10 and the amount of product was measured by the colorimetric assay (Vogels and Van der Drift, 1970) and the concentration of substrate (ureidoglycolate) determined by HPLC as described in the Materials and methods. Data shown are the mean 6SD of three independent experiments, each analysed in duplicate. not observed when the reaction was performed in the absence of phenylhydrazine. Taking these results into account, the same HPLC analysis was applied to other ureidoglycolate-degrading enzymes. The enzyme purified from chickpea (Muñoz et al., 2001) produced the same peaks corresponding to compounds I and II (see Supplementary Fig. S1 at JXB online). However, the reaction catalysed by the allantoicase from Chlamydomonas reinhardtii, which degrades ureidoglycolate to glyoxylate and urea (Piedras et al., 2000) , only produced glyoxylate in the form of glyoxylate phenylhydrazone, and the two peaks corresponding to compounds I and II were not detected (Fig. 3) . This indicates that the two newly observed compounds generated by the French bean and chickpea ureidoglycolases are not universal intermediates in the enzymatic degradation of ureidoglycolate.
The compound of peak I is the initial product of the ureidoglycolase reaction
The presence of two different peaks and a plateau (Fig. 2D) suggests the formation of enzymatic intermediates or degradation products in the detection mixture. The two peaks disappeared when the enzymatic reaction underwent previous acid treatment (dilution in a buffer with pH 4) and coincided with the increase in the peak corresponding to glyoxylate phenylhydrazone. This experiment indicates that one of the enzymatic products or intermediates is rapidly transformed at low pH to a compound identical to or very similar to glyoxylate phenylhydrazone. This non-enzymatic transformation step probably explains why the application of the spectrophotometric method of Vogels and Van der Drift (1970) affords a positive signal; this colorimetric method measures the product of the reaction of glyoxylate phenylhydrazone with ferricyanide in a very acidic environment (see Materials and methods). Thus, the formation of glyoxylate phenylhydrazone in the legume ureidoglycolases incubations is probably constituting a side product derived from the true enzymatic intermediate or product.
When the HPLC analysis was performed with a mobile phase of pH 8 (similar to that of the enzymatic reaction) without ethanol, the chromatogram profile changed (Fig. 4) . The peak of compound I was sharper, the plateau and the peak of compound II disappeared, and the amounts of glyoxylate phenylhydrazone measured in the reaction mixture with enzyme were the same as in the reaction mixture without enzyme (Fig. 4) . Over time, purified compound I spontaneously degraded and progressively produced a compound which could be detected chromatographically at 324 nm at alkaline pH. Acidification (dilution in a strong buffered solution to a final pH of 4) of the purified compound I accelerated this transformation, which could be assessed by the shift in the UV spectrum of compound I (Fig. 5 ) towards a spectrum resembling that of 
Fig. 5. UV/Vis spectra of the purified compound I (A) and the compound II (B). (A).
Fractions containing compound I from a chromatography with mobile phase at pH 8 were pooled and its UV/Vis spectrum was obtained using the mobile phase as a blank. (B). Compound I was acidified and its spectrum was obtained using acidified mobile phase as a blank (--). This spectrum was similar to those of glyoxylate phenylhydrazone (-------).
glyoxylate phenylhydrazone, and which would correspond to compound II. This transformation cannot just be ascribed to an acid-base equilibrium, because when compound II was put back into alkaline pH, compound II did not revert to the original compound I, as indicated by a lack of shift in the UV spectrum. These results indicate that compound I is the immediate product in the enzymatic reaction catalysed by the ureidoglycolases studied. Summarizing these results, and taking into account previous acquired knowledge on legume ureidoglycolases (Muñoz et al., 2001 (Muñoz et al., , 2006 , there are two possibilities for the reaction catalysed by these two ureidoglycolases. On the one hand, they could catalyse ureidoglycolate transformation producing urea (or a similar compound) and a product with similarity to glyoxylate. However, these enzymes do not directly produce ammonium or glyoxylate. The production of urea or a similar compound has been strongly suggested to occur, using the diacetyl monoxime reaction (Kaplan, 1969) and urease degradation to produce ammonium. On the other hand, it is possible that the enzymes are catalysing the condensation of ureidoglycolate and phenylhydrazine. The further non-enzymatic degradation of the enzymatic product could then give rise to glyoxylate phenylhydrazone (or a similar compound), in addition to urea. To check between these two possibilities, identification of compound I was carried out.
Identification of compound I
The ureidoglycolate-degrading enzymes purified previously were characterized as ureidoglycolate urea-lyases because of the enzymatic production of urea and glyoxylate (Muñoz et al., 2001 (Muñoz et al., , 2006 . The identification of compound I as the immediate product of the reaction prompted us to suggest that compound I degrades non-enzymatically to produce urea and glyoxylate phenylhydrazone (or a structurally similar compound). To test this hypothesis, the peak corresponding to compound I was purified by HPLC and, as a control, the fraction corresponding to the same retention time in a control reaction without enzyme was obtained. Both fractions were subjected to boiling for 15 min to achieve degradation. Concentrations of urea (by urease degradation) and glyoxylate phenylhydrazone (by direct spectrophotometric measurement) were determined (Table 2) . Heat-treatment of compound I resulted in the stoichiometric production of urea and glyoxylate phenylhydrazone, indicating that both compounds had the same origin, the degradation of compound I.
Once the origin of the glyoxylate phenylhydrazone and the urea that had been measured in the enzymatic reactions was established, the structure of the novel enzyme-catalysed product (compound I) was determined. For that, the enzymatic reaction product was purified by HPLC and analysed by ion trap-tandem mass spectrometry. Acquired signals were compared with those obtained from the same HPLC fractions from control (no enzyme) incubations. One differentially acquired ion peak was found at m/z 221, when ionization was performed in the negative mode (Fig. 6A) . This ion was completely absent in control incubations (no enzyme) that had undergone exactly the same purification procedure (Fig. 6B) , indicating that the uncatalysed reaction rate of phenylhydrazine with ureidoglycolate is negligible. Additional peaks which were present in the mass spectrum were present in the control sample as well (Fig. 6B) . For example, the base peak (m/z 228) could be assigned to TES, a component of Good's buffer that was used (at 50 mM) in the enzyme incubation and which was carried through the entire procedure. Fragmentation of the parent ion at m/z 221 led to the appearance of two major fragment ions, m/z 178 (base peak) and m/z 134 (10%) (Fig. 6C) . Inspection of the mass spectra and the proposed chemical structure allowed the assignment of a number of predicted fragment ions which could originate from the compound ureidoglycolyl phenylhydrazide [ -; neutral loss of CHONH 3 ), and m/z 92 (phenyl-ammonium anion; [M-85] -; neutral loss of NCO-CONH 2 ) (Fig. 6D) . The mass spectrometric analysis supports the identity of compound I to be ureidoglycolyl phenylhydrazide. Note that this compound is detected as its two-electron oxidized hydrazine derivative, a simple reaction which occurs rapidly with disubstituted hydrazine compounds (Levenberg, 1964; and discussed below) .
Biochemical analyses (shown previously) established the release of urea and probably glyoxylate phenylhydrazone from compound I after acid-or heat-induced degradation (Table 1) . Consequently, the remainder of the chemical structure is expected to be glyoxylate phenylhydrazone (Fig. 7) . After acid degradation of the same HPLC-fraction which was shown to contain compound I, an ion with m/z 163 became detectable by negative ionization ion-trap tandem MS analysis (not shown) and which was not present in an identically treated control fraction (corresponding HPLC fraction from the incubation without enzyme). Table 2 . Stoichiometric production of glyoxylate and urea from purified compound I Compound I was purified from an HPLC run at pH 8 of the enzymatic reaction. Glyoxylate phenylhydrazone and urea were measured in the purified fraction before and after boiling for 15 min. The results are the mean 6SD of three independent experiments, each analysed in duplicate. -; loss of OH). Taken together, the analysis of the degradation product of compound I supports the assignment of glyoxylate phenylhydrazone to compound II.
This corresponds to the deprotonated ion ([M-H] -) of glyoxylate phenylhydrazone (MW¼164.2). Fragmentation of this ion under negative ionization conditions allowed the detection of ions m/z 119 (M-H-44; M-H-COO), m/z 92
In conclusion, the identity of the product formed by the enzymatic reaction of the studied ureidoglycolases with phenylhydrazine and ureidoglycolate is likely to be ureidoglycolyl phenylhydrazide. A schematic summary of the specific and unique reaction catalyzed by the ureidoglycolases in the presence of ureidoglycolate and phenylhydrazine, compared with the traditionally reported ureidoglycolatedegrading reaction, is provided in Fig. 7 .
Discussion
Phenylhydrazine is a substrate of legume ureidoglycolate metabolizing enzymes Three of the ureidoglycolate metabolizing enzymes described in legumes, two from French bean (Wells and Lees, 1991; Muñoz et al., 2006) and one from chickpea (Muñoz et al., 2001) , have been shown to be dependent on phenylhydrazine to be detected in vitro using colorimetric assays based on the derivatization with phenylhydrazine. This observation has previously been explained by the assumption that the glyoxylate produced might be rapidly metabolized by other enzymes present in the crude plant extracts and only sequestration by reaction with phenylhydrazine could effectively avoid this. However, when these enzymes were purified and tested for enzymatic activity, this dependence on phenylhydrazine was also observed. One possible explanation could be that the equilibrium of the classical degradation of ureidoglycolate to glyoxylate and urea, which, in theory, these enzymes were catalysing, is moved towards the formation of ureidoglycolate instead of degradation. Nevertheless, the classical non-enzymatic ureidoglycolate degradation is clearly shifted towards the formation of glyoxylate and urea at the measured concentrations and used conditions ('S-Gravenmade et al., 1970) . If the catalysed reaction were the same, the equilibrium should be the same too, because enzymes do not change the equilibrium of chemical reactions, and hence the enzymes should produce glyoxylate in the absence of phenylhydrazine. Clearly, we now know that these enzymes are inactive in the absence of phenylhydrazine. Another possibility could be that the action of phenylhydrazine is the result of an enzyme-catalysed condensation between phenylhydrazine and ureidoglycolate due to the in vitro conditions. The most plausible explanation, however, and ensuing from the present study, is that the studied ureidoglycolases are catalysing a different reaction. In this reaction, as shown here, phenylhydrazine is acting as a substrate. The behaviour of phenylhydrazine is that of a substrate more than an activator, because its presence is necessary for the reaction to occur and it is not just modifying a reaction that can occur without its presence. Phenylhydrazine most likely represents a surrogate for a natural compound, which may play a role as an in vivo carrier of ureidoglycolate, since phenylhydrazine has not been reported to occur in plants. Therefore, it is probable that phenylhydrazine is not the natural substrate for these legume ureidoglycolases, although it probably displays sufficient structural similarity to replace the putative endogenous substrate efficiently.
Ureidoglycolases from legumes yield a product different from glyoxylate
In order to study the reaction catalysed by the purified ureidoglycolases in a more detailed and immediate way, the reaction products were analysed by HPLC and spectrophotometric detection. As phenylhydrazine had to be included in the reaction mixture, a method was used which permits the presence of phenylhydrazine during detection (Lange and Malyusz, 1994) . In the enzymatically-catalysed degradation of ureidoglycolate two new peaks and a plateau were observed ( Fig. 2 ; see Supplementary Fig. S1 at JXB online). The observed products are not a general characteristic for the ureidoglycolate degradation since they were neither determined in the ureidoglycolate degradation catalysed by Chlamydomonas allantoicase nor after non-enzymatic degradation of ureidoglycolate. This indicates that the studied Phaseolus and Cicer ureidoglycolases are catalysing a reaction which does not involve the production of glyoxylate. In previous studies on these ureidoglycolases the production of glyoxylate and urea had been reported and the enzymes were classified as ureidoglycolate urea-lyases (Muñoz et al., 2001 (Muñoz et al., , 2006 . This can now be explained by considering the degradation of compound I to glyoxylate phenylhydrazone and urea by acid or heat treatments (Table 1) used as acceptable methodological procedures in previous studies on ureidoglycolases [a marked acidification is used in the determination of glyoxylate (Vogels and Van der Drift, 1970) , and a boiling step is used in the determination of urea (Kaplan, 1969) ]. However, the fact that their activities could not be determined by the enzymatic assay based on the reduction of glyoxylate (Pineda et al., 1994) prompted us to reconsider the reaction mechanism of legume ureidoglycolases. So far, the only enzymatic activity which has been reported to use phenylhydrazine as a substrate is the c-glutamyl transferase (EC 2.3.2.9) from mushrooms (Gigliotti and Levenberg, 1964) . This enzyme transfers a c-glutamyl group to different acceptor substrates to produce ester or amide bonds, including water and phenylhydrazine. Using water as acceptor, this enzyme is able to hydrolyse agaritine, a natural phenylhydrazide present in fungi of the genus Agaricus (Levenberg, 1964) . Furthermore, other c-glutamyl donor substrates, such as glutamine and c-glutamyl cyclohexylamine, were able to react with phenylhydrazine in a reaction catalysed by this enzyme (Gigliotti and Levenberg, 1964) .
Of importance, the UV/Vis spectrum of agaritine (Levenberg, 1964) is very similar to that of the compound I described in this study (Fig. 5) , with peaks at 237 nm and 280 nm, suggesting a very similar chemical structure. Indeed, this kind of spectrum is typical of acylphenylhydrazides (Hearn et al., 1985) . The main variation between both spectra is the strong descending slope at wavelengths lower than the absorption maximum at 237 nm in the case of agaritine, whereas the slope in the compound I spectrum exhibits a smooth drop with the subsequent beginning of a steep ascendant slope around 224 nm (Fig. 5) . These characteristics of the spectrum of compound I are probably due to the presence of the ureido part of the molecule (see urea UV/Vis spectrum in the NIST library (http://webbook.nist.gov/cgi/ cbook.cgi?Name¼urea&;Units¼SI)). These spectral similarities, as well as the production of urea and glyoxylate phenylhydrazone from the degradation of compound I, strongly support that its chemical identity may be ureidoglycolyl phenylhydrazide (Fig. 7) .
Mass spectrometric analysis confirmed the presence of several expected structural elements of the proposed product, ureidoglycolyl phenylhydrazide. The parent ion m/z obtained in the mass spectrometric analysis for this structure indicated a molecular weight of 222 (m/z 221 in negative ionization), however, the calculated MW for ureidoglycolyl phenylhydrazide is 224, and not 222. This difference may be explained by the simple oxidation of compound I (loss of 2e -and 2H + ) during the mass spectrometric analysis. This gas-phase oxidation reaction has been reported for structurally similar compounds and occurs during electrospray ionization (Van Berkel et al., 2002 . Furthermore, the disubstituted hydrazine group in compound I has a probable strong reducing nature similar to the case of agaritine (Levenberg, 1964) . Taken together, it is possible to conclude that the legume 'ureidoglycolases' studied are, in reality, ureidoglycolyl transferases which transfer the ureidoglycolyl group to phenylhydrazine, or, as in the case of the agaritine c-glutamyl transferase (Gigliotti and Levenberg, 1964) , to other acceptor substrates thereby producing amide or ester bonds. Hence, it is proposed that this enzyme is called phenylhydrazine ureidoglycolyl transferase and classified in the same group together with agaritine c-glutamyl transferase (Gigliotti and Levenberg, 1964 ).
An additional ureide catabolic pathway in ureideproducing legumes
The fact that the purified ureidoglycolases do not produce glyoxylate calls for a reconsideration of the ureide degradation pathway and the function of these enzymes and their product. It is possible that ureide metabolism is carried out in a way that is different from the hitherto described classical ureide degradation pathway. The catabolic steps which are currently described to operate are believed eventually to release all the amine groups and/or incorporate them into proteins in a similar way to the amide groups of glutamine (Coker and Schaefer, 1985) . Equally, it supposes the incorporation of the carbon 5 of allantoin, i.e. the carbon atom bound to the hydroxyl group of ureidoglycolate, into the synthesis of other cellular constituents (Coker and Schaefer, 1985) . However, these results do not indicate the fate of carbon 4 of allantoin (present in the carboxyl group of ureidoglycolate), and this could be lost as CO 2 . In studies carried out on labelled compounds produced from the metabolism of [4, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]allantoin in soybean leaf discs, a ratio of CO 2 :serine formation of 2:3 has been reported, instead of the expected 1:3 if all the carbons were catabolised through the photorespiratory cycle, entering it as glyoxylate (Winkler et al., 1987) . This suggests that there exists an additional route for allantoin degradation that would involve carbon 4 or 5 to be oxidized to CO 2 , in a divergent way to the glycine decarboxylase, and, according to the results in the present study, without using glyoxylate as an intermediate.
Recently, the genes encoding the enzymes which constitute the putative ureide degradation pathway in Arabidopsis thaliana have been reported (Todd and Polacco, 2006; Werner et al., 2008 Werner et al., , 2010 . In the proposed pathway, the complete degradation of allantoin involves the liberation of ammonium, CO 2 , and glyoxylate. In the experiments performed with heterologously expressed enzymes, phenylhydrazine or any other compound that could work as a second substrate has not been included in the reaction mixture. In addition, the allantoate amidohydrolase from soybean heterologously expressed in tobacco as a fusion protein showed activity independently of phenylhydrazine (Werner et al., 2008) . This is a major difference with the ureidoglycolate metabolising activities purified to homogeneity from the developing fruits of French bean (Muñoz et al., 2006) and chickpea (Muñoz et al., 2001) , and with the allantoate degrading activity partially purified from French bean developing fruits (Raso et al., 2007a) . In these studies, allantoate and ureidoglycolate-metabolizing activities could be measured from enzymatic extracts only after the incorporation of phenylhydrazine in the reaction mixture. Numerous attempts have been made with extracts obtained from different French bean tissues, extraction with various buffer conditions, and using many different assay conditions, but we have never been able to detect any of these enzymatic activities in the absence of phenylhydrazine. Of interest, the activities involved in allantoate and ureidoglycolate metabolism also required the presence of phenylhydrazine in the reaction mixture in in vivo assays using buffered solutions with the substrates and finely chopped tissues from French bean (Raso et al., 2007a) . A possible explanation for the difference in the pathway proposed in this paper with that proposed for Arabidopsis (Werner et al., 2010) could be that ureide metabolism in Arabidopsis is not a major pathway under normal growth conditions since ureides are used mainly in the purine salvage pathway present in plants and other organisms (Zrenner et al., 2006) and these enzymes would be involved in this salvage pathway. Accordingly, the allantoate amidohydrolase cloned from soybean (Werner et al., 2008) would be involved in this recovery pathway. In ureide legumes the metabolism of ureides is the predominant pathway for nitrogen mobilization to the aerial parts under nitrogen-fixing conditions. Therefore, the pathway for ureide metabolism in sink tissues is likely to be different in these legumes compared with other groups of plants. The enzymes responsible for ureide metabolism described in French bean could represent specific adaptations of ureide-producing legumes and those activities would be the predominant activities in their sink tissues where high concentrations of ureides are present. In fact, ureidoglycolase is an abundant protein in developing French bean pods according to the purification factor reached during the purification process, and from this it can be determined that the enzyme corresponds to 0.36% of the total soluble protein present in those extracts (Muñoz et al., 2006) . This high abundance could suggest involvement in a major metabolic pathway. These adaptations are of significant physiological relevance, considering that ureides are transported in the xylem sap of these legumes at very high concentrations [more than 10 mM (Serraj and Sinclair, 1996) ], and must be used in the aerial part of the plant. If this process were carried out by means of the classical ureide degradation, it would involve the release of high concentrations of glyoxylate and even higher levels of ammonium, both of which are highly toxic for plant cells. In this hypothesis, both enzymatic pathways (ureidoglycolate amidohydrolase and phenylhydrazine ureidoglycolyl transferase) could be present in sink tissues of legumes, although the one reported here is the more prominent since we have never measured any phenylhydrazine-independent activity.
In conclusion, it has been demonstrated that the ureidoglycolases from chickpea and French bean produce a compound which is different from glyoxylate and that phenylhydrazine is essential in this reaction acting as a substrate, replacing the natural substrate since phenylhydrazine has not been reported in plants. These findings make us reconsider the ureide degradation (or usage) pathway in legumes and suggest that it is neither producing urea nor ammonium, but rather directs the transfer of nitrogen from ureides to another endogenous compound of yet unknown identity. Important questions to be answered in future research will thus refocus our attention from the widely held view that ammonium or urea are terminal nitrogen products from ureide degradation to the identification of the natural legume nitrogen acceptor. It is likely that this endogenous compound has structural similarity to phenylhydrazine. This phenylhydrazine-like compound could have a dual function; as an activator of allantoate amidohydrolase to signal the start of ureide degradation, and as a carrier of the generated ureidoglycolate. This avenue for research will likely provide new insights into the mechanisms whereby fixed nitrogen enters general plant metabolism.
Supplementary data
Supplementary data can be found at JXB online. Supplementary Fig. S1 . Glyoxylate phenylhydrazone measurement in reactions with and without chickpea ureidoglycolase.
